Abstract. Loss of imprinting (LOI) is occasionally observed in human imprinting disorders. However, the process behind the LOI is not fully understood. To gain a better understanding, we produced embryos and pups from mouse oocytes that lacked a complete methylation imprint using a method that involved transferring the nuclei of growing oocytes into the cytoplasm of enucleated fully grown oocytes following in vitro fertilization (IVF). We then analyzed the imprinting statuses. Our findings show that the incomplete methylation imprint derived from growing oocytes results in epigenetic mosaicism or a loss of methylation imprint (LOM) at maternal alleles in embryos. In some embryos, both hypo-and hypermethylated maternal Kcnq1ot1 alleles were detected, whereas either hypo-or hypermethylated maternal Kcnq1ot1 alleles were detected in others. Such tendencies were also observed at the Igf2r and Mest loci. Gene expression levels of imprinted genes were linked with their methylation statuses in some but not all embryos. Possible explanations of the inconsistency between the data from DNA methylation and gene expression include epigenetic mosaicism in embryos. Pups were successfully produced from growing oocytes at a quite low frequency. They exhibited an obese phenotype and LOI with respect to Igf2r, Snrpn and Mest. Our finding suggests the possibility that LOI/LOM at maternal alleles in human concepti could be derived from epigenetically immature/mutated oocytes. Key words: DNA methylation, Gene expression, Genomic imprinting, Growing oocyte, Loss of imprinting (LOI) (J. Reprod. Dev. 57: [327][328][329][330][331][332][333][334] 2011) enomic imprinting is an epigenetic modification specifically imposed on male and female gametes that leads to the parental origin-specific gene expression in embryos. DNA methylation is the primary mechanism behind genomic imprinting [1, 2] . Gamete-specific DNA methylation is established by DNA methyltransferase (DNMT) 3A and DNMT3L and is maintained after fertilization by DNMT1. Embryos derived from oocytes with defective Dnmt3a, Dnmt3L or Dnmt1 genes exhibit a LOM and the aberrant expression of imprinted genes (referred to LOI). In turn, this causes embryonic death [3] [4] [5] . Therefore, the regulatory expression of imprinted genes via DNA methylation is essential for normal ontogeny and biological phenomena in mammals.
(J. Reprod. Dev. 57: 327-334, 2011) enomic imprinting is an epigenetic modification specifically imposed on male and female gametes that leads to the parental origin-specific gene expression in embryos. DNA methylation is the primary mechanism behind genomic imprinting [1, 2] . Gamete-specific DNA methylation is established by DNA methyltransferase (DNMT) 3A and DNMT3L and is maintained after fertilization by DNMT1. Embryos derived from oocytes with defective Dnmt3a, Dnmt3L or Dnmt1 genes exhibit a LOM and the aberrant expression of imprinted genes (referred to LOI). In turn, this causes embryonic death [3] [4] [5] . Therefore, the regulatory expression of imprinted genes via DNA methylation is essential for normal ontogeny and biological phenomena in mammals.
So far, we and other researchers have reported on the stage of the establishment of methylation imprints during mouse oocyte growth [6, 7] . The results show that the Impact, Snrpn, Mest and Grb10 genes are hypermethylated in growing oocytes with diameters of 60-65 μm; the Igf2r, Kcnq1ot1 and Plagl1 genes are hypermethylated in growing oocytes with diameters of 55-60 μm. The first appearance of oocytes with complete methylation imprints at all of the examined loci is at an age of approximately 15 days in mice. Because fertilized eggs containing genomes from growing oocytes of mice 15 days old or younger do not develop into offspring, establishment of genomic imprinting is required for functional oocytes [8] .
Prader-Willi, Angelman and Beckwith-Wiedemann syndromes are human imprinting disorders that are caused by gene mutations, uniparental disomy, chromosomal translocations, gene deletion and LOI through LOM [9] . Some investigators suggest that LOI/LOM could be attributed to assisted reproductive technology (ART) [10] [11] [12] . On the other hand, Geuns et al. showed that 1 out of 16 human oocytes does not possess a KCNQ1OT1 methylation imprint [13] . We also report that the size-dependent acquisition of maternal methylation imprints is recognized in growing oocytes collected from adult mice as in juveniles; however, the hypomethylated alleles in the growing oocytes derived from adults are detected more remarkably than those of juveniles [7] . These observations suggest that LOI/LOM at maternal alleles originates from epigenetically mutated/immature oocytes. However, the causes of LOI/LOM are not well understood.
In the present study, to understand how incomplete maternal methylation imprints of oocytes are transmitted to embryos after fertilization, we produced fertilized eggs from epigenetically immature oocytes in mice by nuclear transfer. The DNA methylation statuses and expression levels of imprinted genes were analyzed in the reconstituted embryos. Then, the possibility that epigenetically immature/mutated oocytes lead to LOI/LOM at maternal alleles in humans was discussed.
Materials and Methods

Animals
All procedures described in this study were reviewed and approved by the Tokyo University of Agriculture Institutional Animal Care and Use Committee and were performed in accordance with the Guidelines for Proper Conduct of Animal Experiments as established by the Science Council of Japan. BDF1 (C57BL/ 6N×DBA/2; CLEA Japan, Tokyo, Japan) hybrid mice were used for all experiments. JF1 mice (Mus musculus molossinus) were used as sperm donors only in the polymorphic analyses of DNA methylation and gene expression.
Growing oocytes
Growing oocytes were isolated from the ovaries of 10-day-old mice or ovaries of newborn mice after 10 days of organ culture as previously reported [8, 14] . Before every experiment, the diameter of the oocytes was measured using an interference microscope (200× magnification; Nikon, Tokyo, Japan) and an eyepiece micrometer (10×A; Nikon).
Nuclear transfer and in vitro maturation
Adult female mice were injected with 5 IU equine chorionic gonadotropin (eCG, Serotropin; ASKA Pharmaceutical, Tokyo, Japan), and 5 IU human chorionic gonadotropin (hCG, Puberogen; Yell Pharmaceutical, Tokyo, Japan) was injected 48 h after the eCG injection. Fully grown oocytes were collected at the germinal vesicle (GV) stage from the ovaries 44-48 h after the eCG injection. Freshly ovulated oocytes at the second meiosis (MII) were collected from the oviducts 14-16 h after the hCG injection.
Serial nuclear transfers were performed as previously described [14] . Karyoplasts obtained from the growing oocytes were fused with fully grown enucleated GV stage oocytes using inactivated Sendai virus (2700 hemagglutinating activity units/ml). The reconstituted oocytes were matured in alpha-MEM containing 5% FBS in 5% CO2, 5% O2 and 90% N2 (5-5-90 gas) at 37 C. After 14 h, MII chromosomes were transferred from the reconstituted oocytes to the enucleated and ovulated MII stage oocytes.
IVF, in vitro culture and embryo transfer
Sperm were collected from adult male mice, and the reconstituted oocytes were incubated with capacitated sperm for 3 h in T6 medium [15] . After IVF, reconstituted eggs containing single male and female pronuclei were regarded as normally fertilized eggs and cultured at 37 C for 4 days in M16 medium [15] with 5-5-90 gas. The resulting blastocysts were transferred to the uterine horns of pseudopregnant female mice at 2.5 days postcoitum (dpc).
As controls, freshly ovulated oocytes (IVF control) and oocytes reconstituted with GV (NT-IVF control) were subjected to the same sequence of IVF, in vitro culture and embryo transfer as that was performed on the experimental reconstituted oocytes.
DNA methylation analyses of imprinted genes
DNA was isolated from oocytes and livers. Then, DNA methylation was assessed at a differentially methylated region (DMR) in each of the 6 imprinted genes: Igf2r, Kcnq1ot1, Plagl1, Snrpn, Mest and H19. We used a CpGenome DNA Modification Kit (Intergen, Purchase, NY, USA) to perform the bisulfite sequencing technique. Primers were generated to match the differentially methylated regions of imprinted genes as reported previously [7] . Nested PCR conditions were summarized in Table 1 . PCR products of bisulfite-modified DNA were cloned using a TA Cloning Kit (pGEM-T Easy Vector, Promega, Tokyo, Japan) and then sequenced using an Applied Biosystems sequencing system (ABI PRISM 3100, Tokyo, Japan).
Quantitative mRNA expression analyses of imprinted genes
The mRNA levels of Gapdh, Igf2r, Cdkn1c, Plagl1, Snrpn and Mest were assessed quantitatively using a LightCycler (Roche, Tokyo, Japan) in the brain, heart, lung, liver and kidney. Total RNA was isolated from each organ of the pups using an RNeasy kit (Qiagen, Tokyo, Japan). First-strand cDNA was synthesized from 1 μg of total RNA using SuperScript Reverse Transcriptase II (Invitrogen). For real-time quantitative PCR, SYBR Green I (Roche) was added to the PCR mixture, and the PCR products were detected by monitoring luminescence intensities with a LightCycler. The expression of each gene was evaluated based on the Gapdh expression in the individual samples. Quantitative PCR analyses were repeated at least three times. The primers and concentrations of Mg 2+ were previously described [16] . Allele-specific expression of Mest was detected by single nucleotide polymorphism. Briefly, regions containing polymorphisms were recovered by RT-PCR, and the products (352 bp) were anal y z e d b y d i r e c t s e q u e n c i n g . T h e p r i m e r s w e r e 5 ' -CAGTCTTTGGACCGTATACTCG -3' and 5'-GAAGGA-GTTGATGAAGCCCA -3'.
Results
DNA methylation analyses of imprinted genes in growing oocytes
To understand the progression of maternal methylation imprints in growing oocytes, we analyzed the DNA methylation statuses of DMRs in the Igf2r, Kcnq1ot1, Plagl1, Snrpn, Mest and H19 genes. The methylation imprint was judged to be absent, partial or complete when ≤10%, 10-90% or 90%≤ of the analyzed CpG sites in a DNA strand were methylated, respectively. Table 2 and Supplemental Fig. 1) . A methylation imprint of H19 was absent during oocyte growth ( Fig. 1 and Table 2 ).
Maternal methylation imprints in embryos produced from growing oocytes
To investigate how the maternal methylation imprints of growing oocytes are transmitted to the embryos after fertilization, we produced fertilized eggs that contained the genome from the growing oocytes by nuclear transfer and analyzed the methylation statuses of DMRs in the Igf2r, Kcnq1ot1 and Mest genes in 9.5 dpc embryos. Hypomethylation, partial methylation and hypermethylation were judged as methylation of ≤10%, 10-90% and 90%≤ of the analyzed CpG sites in a DNA strand, respectively.
The results show that maternal Igf2r and Kcnq1ot1 alleles were hypomethylated in embryos 1 and 2, which were produced from growing oocytes with diameters of 40-44 μm (Table 3 and Supplemental Fig. 2 ). Maternal Mest alleles were also hypomethylated in embryos 1-7, which were produced from growing oocytes with diameters of 40-54 μm. Methylation levels of the donor oocyte group were reflected in their respective embryos. On the other hand, both of the hyper-and hypomethylated maternal Igf2r alleles were detected in embryos 3, 5, 8 and 10. Such epigenetic mosaicism was observed in Kcnq1ot1 (embryos 4, 5, 8 and 11) and Mest maternal alleles (embryos 8-11). In addition, hypermethylated maternal alleles were observed for Igf2r in embryo 3, for Kcnq1ot1 in embryos 3 and 4 and for Mest in embryo 8, although the mean methylation levels of the donated oocyte groups were less than 25%; complete methylation imprints were never observed in the donated oocyte groups. These results indicate that maternal methylation imprints derived from epigenetically immature oocytes are unstable; LOM and probably gain of methylation imprints (GOM) at maternal alleles occurred in embryos produced from growing oocytes. In the NT-IVF controls, nearly all of the maternal Igf2r, Kcnq1ot1 and Mest alleles were hypermethylated.
Expression of imprinted genes in embryos produced from growing oocytes
To understand whether methylation statuses in each embryo are correlated with the expression of imprinted genes, we analyzed the expression of Igf2r, Cdkn1c and Mest (Table 3, Supplemental Fig.  3 )
The expression levels of Cdkn1c were consistent with the methylation data for embryos 1 and 3, but not embryo 10. In embryos 5 and 6, Cdkn1c expression was lower than expected. The Mest gene was expressed exclusively in embryos 3, 6, 7 and 8 (210-339%) and was moderately expressed in embryos 1, 4, 10 and 11 (80-107%) to roughly the same extent as seen in the NT-IVF controls. Such a moderate expression of Mest does not explain the methylation statuses of these embryos, excluding embryo 11. Allele-specific expression analysis showed that Mest was expressed only from the paternal allele in the NT-IVF control embryos, whereas biallelic expression of Mest was observed in all of the embryos produced from growing oocytes. Thus, LOI was observed in many of embryos at multiple maternal loci.
High frequency of embryonic and postnatal death in fertilized eggs produced from growing oocytes
Contrary to our previous report [8] , in the present study, pups were successfully produced from the growing oocytes of 10-dayold mice at a quite low frequency (Table 4) . When the diameter of the nuclear donor oocyte was less than 50 μm, pups were never obtained. Only vestiges of implantation were observed in the uterus at 19.5 dpc. In contrast, 8 pups were obtained from fertilized eggs containing genomes from growing oocytes with diameters of 50-59 μm. The weights of the pups (n=8, 1.70 ± 0.096 g) derived from growing oocytes were significantly greater at birth than those of the IVF controls (n=11, 1.31 ± 0.121 g, P<0.01). This tendency was observed in placentae (derivatives from growing oocytes, n=8, 202.0 ± 31.43 mg; derivatives from IVF, n=11, 150 ± 45.4 mg, P<0.05). Two pups from growing oocytes with a normal (male 1, pup was 1.39 g and placenta was 151.6 mg) and an abnormal (male 2, pup was 2.21 g and placenta was 222 mg) phenotype were sacrificed for molecular analyses at birth (Fig. 2A) . Unfortunately, 3 of the 8 pups were rejected by their foster mothers and died within 5 days after birth. The reason(s) behind their rejection is unclear.
The survivors (n=3; females 1 and 2 and male 3) grew well and demonstrated normal reproductive activity; however, their weights were significantly greater than the IVF controls (Fig. 2B) . The average weights of the IVF control pups (n=11) and pups derived from growing oocytes (n=3) and their progeny (n=13) at 8 weeks old were 21.4 ± 1.30 g, 30.0 ± 1.38 g (P<0.01) and 21.5 ± 0.74 g, respectively. An 18-month-old pup derived from a growing oocyte (female 1) achieved a weight of 85 g; this was greater than those of the IVF controls (48 g; Fig. 2C ). The mice produced from growing oocytes survived for approximately 2 years as did the IVF control mice.
DNA methylation and gene expression analyses of imprinted genes in pups produced from growing oocytes
To elucidate whether pups derived from growing oocytes had normal epigenotypes, we analyzed the DNA methylation of DMRs in Igf2r, Kcnq1ot1, Plagl1, Snrpn, Mest and H19 (Supplemental Fig. 4) . LOM of Igf2r and Mest was observed in male 1, and LOM of Snrpn and Mest was observed in male 2.
Next, we measured the mRNA levels of these genes in a variety of tissues. In male 1, the expression of Igf2r was lower than those of the IVF controls (n=5) in the heart (44%) and lung (26%) but not in the brain (89%) and placenta (90%; Fig. 3 ). The expression of Cdkn1c was slightly lower than those of the IVF controls in the heart, liver and kidney (64-75%), although methylated Kcnq1ot1 strands were detected in male 1. The expression level of Snrpn in male 1 was roughly the same as that of the IVF controls. Mest was expressed at approximately twice the IVF control level in the brain, kidney, liver and placenta (145-212%) but not in the heart (117%) and lung (84%). In male 2, Igf2r was expressed at the same level as in the IVF controls without the placenta (147%; Fig. 3 ). The expression level of Cdkn1c was reduced in all of the organs (34-75%) compared with those of the IVF controls without the placenta (157%), although methylated Kcnq1ot1 strands were detected in male 2. Snrpn was highly expressed in the brain (213%). The level of Mest expression in this pup and placenta was approximately 1.5 to 2.5 times greater than in the IVF controls, with the exception of the liver (90%). Thus, LOI through LOM was observed in males 1 and 2.
Discussion
At present, LOI through LOM and GOM are reported in human imprinting disorders [17, 18] . The etiology behind epigenetic alteration is not un der stood. It is assu med that maternal hypomethylation syndrome, in which LOM occurs at multiple maternal loci, may be due to a lack of maternal DNMT3L or DNMT1, although mutation of theses genes is not detected in all patients [17] . In various cases, it is proposed that fertilized eggs derived from epigenetically mutated gametes could contribute to LOI/LOM regardless of whether conception occurs naturally or by ART [13, 18, 19] .
In the present study, to understand the process behind the LOI/ LOM, we produced and analyzed embryos containing genomes from sperm and growing oocytes that lacked complete maternal imprinting. The results show that maternal methylation imprints derived from growing oocytes switched to hyper-and/or hypomethylation during embryogenesis. Partial methylation imprints of oocytes were unstable and not faithfully transmitted to the embryos. When the mean methylation level was quite low in the donated oocyte group, LOM occurred in the resultant embryos. In particular, LOM of Igf2r was apt to occur. In mice, active DNA demethylation occurs, with the exception of imprinted loci during the pronuclear stage [20] . Dppa3 and Zfp57 are known to be required to protect against the active DNA demethylation at some imprinted loci [18, 21] . Besides, Dnmt1 is essential for the maintenance of methylation imprints after fertilization [22] . Therefore, the methylation density at imprinted loci is likely to be important for maintaining DNA methylation and protection against demethylation. On the other hand, even when complete methylation imprints were absent in the donated oocyte group, hypermethylated maternal alleles were detected in the resultant embryos. This has implications for the GOM after fertilization. When embryos were produced from growing oocytes, the gene expression levels of imprinted genes were linked with their methylation statuses in some but not all embryos. The same tendency was observed in a few organs in the neonates derived from growing oocytes. Possible explanations for this inconsistency between DNA methylation and gene expression are epigenetic mosaicism in the embryos as suggested by Cirio et al. (2008) and/or the association of histone modifications other than DNA methylation in some cases [23] . Another possibility is that DNA methylation of critical CpG sites other than the DMRs analyzed in this study may be indispensable for the regulatory expression of imprinted genes.
The nuclei of growing oocytes with diameters of 50-59 μm could contribute to full-term development as the maternal genome following serial nuclear transfer, despite the fact that many of the embryos died before birth. The pups from growing oocytes had significantly greater body weights at and after birth. Because their overgrowth phenotype was not inherited by their progeny, it must be the result of aberrant epigenetic modifications [24] . In the analyzed offspring, male 1 exhibited LOI/LOM of Igf2r and Mest, but the birth weight of male 1 (1.39 g) was similar to those of the IVF controls (mean birth weight, 1.31 g). Igf2r encodes an IGF2 receptor. The binding of IGF2 to this receptor negatively regulates cell division and fetal growth [25] . Large offspring syndrome in ruminants is caused by LOM of Igf2r [26] . The discrepancy between the epigenotype and phenotype of male 1 cannot be explained by the present study. On the other hand, male 2 (2.21 g) exhibited an overgrowth phenotype and LOI/LOM of Mest and Snrpn. LOI of Mest is associated with overgrowth before and after birth [27] . In male 2, Mest is most likely responsible for this phenotype. Besides DNA methylation, immature histone modifications would be associated with abnormal development of the embryos produced from growing oocytes. Kageyama et al. (2007) reported that various histone modifications (i.e., acetylation of histone H3K9, H3K18, H4K5 and H4K12 and methylation of histone H3K4 and H3K9) dramatically increase during oocyte growth [28] . In addition, immunocytochemical analysis shows the differential signal intensity between pronuclei from non-growing and fully grown oocytes even after serial nuclear transfer and artificial activation (Obata's unpublished data).
Furthermore, concepti derived from growing oocytes had a significantly greater weights, and their labyrinthine layers were comparatively hyperplastic. The border of the labyrinthine and spongiotrophoblast layers was also unclear, and the spongiotrophoblast layer was invaded deep into the labyrinthine layer (data not shown). In this study, overexpression of Mest was also observed in the placentae, indicating that LOI/LOM of Mest occurred in placentae as in pups. It has been known that interspecies hybrids result in overgrowth of pups and placental dysplasia associated with LOI of Mest and X-linked genes [27, 29] . Mest is expressed in the labyrinthine layer of the placenta and is essential for normal growth of the placenta [30] . Additionally, the maternally (oocyte) derived X chromosome is imprinted during oocyte growth to render the resistance to X chromosome inactivation in the extraembryonic tissues [31] . Therefore, the abnormal phenotype of the placenta that was observed in this study could be explained by LOI of Mest and/or abnormal X chromosome inactivation.
In the present study, we showed that LOI/LOM, epigenetic mosaicism and probably GOM at maternal alleles occur in embryos and pups when incomplete imprints are inherited from oocytes (mothers). These resulted in a high frequency of abortion, postnatal death and growth abnormalities. Our observations support the hypothesis that epigenetically immature/mutated oocytes are responsible for LOI/LOM at maternal alleles in human babies.
